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Abstract
The dynamics of multiple shock-accelerated bubbles initially located in the vicinity of a rigid wall are investigated with a finite
volume multiphase compressible flow solver. The method employs a coupled color function and level set description of the interface
in order to suppress spurious numerical oscillations at the multi-material interface and to counter the excessive numerical diﬀusion
caused by standard shock and interface capturing methods. This approach leads to a more accurate modeling of wave interface
interactions and robust handling of topological changes including merger and breakup of the interfaces. Simulations shed light
on the complex wave-interface interactions and jetting dynamics that ensue from the impulsive acceleration of shock-impacted
bubbles. Implication of these interactions and jetting on the wall pressures is explored in detail.
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1. Introduction
The interactions of underwater air bubbles and their subsequent collapses result in violent jetting and emission of
strong blast waves. This collapse and jetting dynamics plays an important role in physical phenomenon and biomedi-
cal applications such as sonoluminescence, lithotripsy, including hot-spot formation and eventual detonation in explo-
sives1,2,3. The flow field associated with the collapse and jetting process is characterized by complex wave-interface
interactions. Accurate numerical approximation of these interactions, in presence of large variations in equation of
state and strong shocks, is a challenging task. Straightforward numerical approximation of the governing equations for
multiphase compressible flows, using standard shock-capturing methods, often results in spurious numerical oscilla-
tions at the multi-material interface. These oscillations are amplified further by large variations in acoustic impedances
and in extreme cases can cause numerical instability and eventual breakdown of computations. In addition, numerical
dissipation associated with the standard shock-capturing methods can cause excessive smearing of the multi-material
interfaces. This reduces the accuracy of the computations and reliability of the predictions.
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In this work we employ a finite volume multiphase compressible flow solver, which robustly handles large vari-
ations across multi-material interfaces while accurately accounting for the wave interface interactions. The method
counters the numerical diﬀusion of multi material interfaces through correction terms, which ensure consistency of the
computed solution. In addition, a nonlinear map from the relatively sharp volume fraction to a significantly smooth
signed distance function is utilized to reduce discretization error substantially6. The multiphase compressible flow
solver is used to investigate and contrast collapse dynamics of shock-accelerated single and two identical bubbles
located next to a rigid wall. The organization of this paper is as follows. The multiphase flow model and the finite-
volume discretization method are described in Section 2. Results from simulations concerning bubble collapses are
presented in Section 3.
2. Governing equations and numerical method
We consider the inviscid multiphase compressible flow described by the following five equation model4
ρt + ∇ · (ρu) = 0 (1a)
(ρu)t + ∇ · (ρuu + PI) = 0 (1b)
Et + ∇ · ({E + P}u) = 0 (1c)
φt + u · ∇φ = 0, (1d)
where ρ, u, P, φ denote density, velocity, pressure and volume fraction, respectively. The volume fraction or color
function assumes a value of 0 and 1 in the respective phases and is used to distinguish one fluid from the other. Total
energy E = ρu · u/2 + ρe where internal energy ρe is given by equation of state ρe = ρe(ρ, P).
We discretize Eqs. (1) using a finite volume method which utilizes a fifth-order WENO scheme7 and an HLLC
approximate Riemann solver8 for spatial discretization. Time integration is performed using a third-order SSP RK
method9. We consider modifications to the governing equations (1) in order to control the numerical diﬀusion that
results from the use of an upwind method for discretization of Eq. (1)5,6. In order to achieve this objective appropriate
correction terms are added to Eq. (1) in order to retain a smeared Heaviside description for φ in the form of a tangent
of a hyperbola profile. This ensures that the interface retains the initial sharp profile throughout the simulation. The
finite interface thickness is chosen in a way that ensures that the volume fraction can be discretized accurately on the
given computational mesh.
In addition, the volume fraction φ is linked to a smooth level set function in order to minimize errors that result
from numerical discretization of a relatively sharp tanh profile. A constrained reinitialization method10 is employed
after each step of the flow evolution in order to ensure that the level set function retains the form of a signed distance
function. To maintain consistency in all the flow variables, this level set function is subsequently used to correct the
volume fraction, and the density, momentum and total energy5,6.
3. Results and discussion
We consider shock-induced collapse of single and two identical bubbles as a means of demonstrating the eﬃcacy
of the discretization methodology and also illustrating the importance of multibubble interactions in quantification
of pressures produced against a solid boundary by collapsing bubble clusters. Fig. 1 illustrates a schematic of the
initial condition for the shock-induced collapse of two identical 1 mm diameter air bubbles. A planar left-moving
shock in water (density = 998 kg/m3) with post-shock pressure of 40 MPa is located initially at a distance of five
diameters from the center of the upstream air bubble (density = 1.22 kg/m3). The line joining the centers of the
two bubbles is normal to both the planar incident shock and the solid boundary. In order to minimize computational
cost we assume that the flow field remains axisymmetric at all times so that two-dimensional computations can be
used to determine the collapse dynamics. The computational domain extends to 20 mm in both the radial and axial
directions and is discretized using a non-uniform stretched Cartesian grid. Reflecting boundary condition is applied at
the left boundary to model rigid wall. Furthermore, extrapolation boundary conditions are applied on all the remaining
boundaries except the lower boundary r = 0 on which symmetry boundary condition is applied. Following previous
works11,12,13 water and air are modeled using stiﬀened and ideal gas equations of state, respectively.
160   Ratnesh K. Shukla /  Procedia IUTAM  15 ( 2015 )  158 – 164 
Fig. 1: Schematic depicting interaction of a planar 40 MPa shock in water with two air bubbles positioned close to a
solid wall.
To begin with we simulate the shock-induced collapse and jetting of a 1 mm diameter air bubble in water in the
vicinity of a rigid solid wall after it is impulsively accelerated by the 40 MPa shock. The standoﬀ distance, the initial
separation between the center of the air bubble and the rigid wall, is set to 1.5 mm. Fig. 2 depicts the evolution of the
flow field in time for computations using a grid spacing of 3.75 μm through numerical schlieren (exponentially spaced
density gradient) and pressure contours. A weak shock is transmitted into the air bubble while a rarefaction wave is
reflected back once the incident shock hits the air bubble. The bubble is strongly compressed and begins to involute
as the incident shock is reflected from the rigid wall. At later times a high speed jet is formed as the bubble continues
to deform under the influence of baroclinic vorticity deposited on the water-air interface by the incident and reflected
shocks. Two lobes are formed as the jet eventually pierces the upstream water-air interface. A blast wave which is
formed as a result of this violent collapse is clearly evident in Fig. 2. The interaction of the reflected blast wave and
remnants of the collapsed bubble results in intensification of the jet. The jet eventually hits the wall and then traverses
along the reflecting boundary as a vortex ring. The multiphase flow solver captures the intricate details of this collapse
process while sharply resolving the water-air interface even as the collapsing bubble breaks up into small fragments.
Next, we simulate shock-induced collapse of two identical 1 mm diameter bubbles with standoﬀ distances of 1.5
mm and 4 mm. Fig. 3 depicts the evolution of the flow field in time through numerical schlieren (exponentially spaced
density gradient) and pressure contours. The interaction of the incident shock with the upstream bubble follows trends
similar to those in the case of the single bubble. The upstream bubble shields the one downstream from the incident
shock and significantly alters its collapse dynamics. The downstream bubble interacts with a relatively weakened
shock and assumes an elongated shape. At later times the strong blast waves emitted from the collapse of the upstream
bubble cause a rapid compression and eventual jetting of the one downstream. A similar “triggering” phenomenon
was observed in experiments on collapse of void arrays14 and simulations of collapsing air cavities15. Thus, the
onset of the collapse process and subsequent jetting of the downstream bubble are both delayed substantially due to
the upstream bubble. However, the proximity of the two bubbles implies that the downstream bubble is impulsively
accelerated by strong blast waves which results in a stronger jet. Numerous complex wave interface interactions take
place during the collapse process and eventual lead to two strong jets that move in the direction of the reflecting
boundary.
A comparison of the bubble volume histories illustrated in the left frame of Fig. 4 reveals the reduction in the
intensity of the collapse of the upstream bubble. Compared to the single bubble collapse the minimum volume
achieved and the time required to achieve it are both higher in the case of two bubbles. This is most likely caused
by the expansion waves that are reflected from the interaction of the downstream bubble and the incident shock. As
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Fig. 2: Exponentially spaced density gradient (top half) and pressure (bottom half) contours for the shock-induced
collapse of a single bubble in the vicinity of the rigid wall at indicated times. Dark line in the lower half of the frames
indicates the water-air interface (φ = 0.5).
indicated earlier the blast waves that are formed due to the collapse of the upstream bubble accelerate the collapse of
the one downstream causing it to achieve a minimum volume that is lower than both, the one for the upstream bubble
and the one associated with the single bubble collapse. Furthermore, the blast wave formed from the collapse of the
downstream bubble and its reflections from the rigid wall cause the upstream bubble to undergo multiple secondary
collapses and rebounds.
The blast wave emission and the jetting associated with the shock-induced bubble collapse lead to a significant
increase in the pressures recorded at the rigid wall (see right frame of Fig. 4). A maximum pressure of about 1.2
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Fig. 3: Exponentially spaced density gradient (top half) and pressure (bottom half) contours for the shock-induced
collapse of two bubbles in the vicinity of the rigid wall at indicated times. Dark line in the lower half of the frames
indicates the water-air interface (φ = 0.5).
GPa is achieved in the case of single bubble collapse. Above maximum value is in good agreement with previous
studies for similar standoﬀ distance11,12,13. In case of two bubble collapse, a slightly higher maximum pressure of 1.4
GPa ia achieved at the wall due to a more intense collapse of the downstream bubble. A rise in maximum pressure
is also observed at times corresponding to the jet impact onto the rigid wall. However, the maximum pressure due to
such impacts from jets remain considerably lower than the one that results from blast waves generated by the primary
collapse for the standoﬀ distances considered in this work. The high stresses generated as a result of the bubble
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Fig. 4: Bubble volume (left) and maximum wall pressure (right) as a function of time for the shock-induced collapse
of single and two air bubbles.
collapse and jetting have been postulated to be the primary source of cavitation damage to hydraulic machinery. Such
collapses are also expected to play a significant role in causing tissue injury associated with shock wave lithotripsy.
4. Conclusions
To summarize, we presented shock and interface capturing simulations of shock-induced single and two bubble
collapse in the vicinity of a rigid boundary. Simulations revealed the intricate details of the complex wave interface
interactions that lead to formation of strong blast waves and jets during the collapse process. In two bubble collapse,
the blast wave emitted from the collapse of the downstream bubble led to a considerable increase in the intensity of
the collapse of the upstream bubble. The increased intensity of the collapse and therefore the resulting blast wave and
jet, led to prolonged peaks in the pressure time trace recorded at the rigid wall. The corresponding global maximum
in wall pressure was marginally higher than the one in the single bubble collapse.
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